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The OCtamer REpeat (OCRE) has been annotated
as a 42-residue sequence motif with 12 tyrosine res-
idues in the spliceosome trans-regulatory elements
RBM5 and RBM10 (RBM [RNA-binding motif]),
which are known to regulate alternative splicing of
Fas and Bcl-x pre-mRNA transcripts. Nuclear mag-
netic resonance structure determination showed
that the RBM10 OCRE sequence motif is part of a
55-residue globular domain containing 16 aromatic
amino acids, which consists of an anti-parallel
arrangement of six b strands, with the first five
strands containing complete or incomplete Tyr trip-
lets. This OCRE globular domain is a distinctive
component of RBM10 and is more widely con-
served in RBM10s across the animal kingdom than
the ubiquitous RNA recognition components. It
is also found in the functionally related RBM5.
Thus, it appears that the three-dimensional struc-
ture of the globular OCRE domain, rather than the
42-residue OCRE sequence motif alone, confers
specificity on RBM10 intermolecular interactions in
the spliceosome.
INTRODUCTION
The family of RNA-binding motifs (RBMs), which includes
RBM5 and RBM10, is a ubiquitous group of splicing factors
present throughout the spliceosome (Callebaut and Mornon,
2005; Sutherland et al., 2005). RBM5- and RBM10-mediated
effects in regulating mature RNA isoforms (Matera and Wang,
2014; Wahl et al., 2009) have been documented in lung adeno-
carcinoma (David and Manley, 2010; Imielinski et al., 2012; Su-
therland et al., 2010) and in diverse developmental processes
(Johnston et al., 2010; Loiselle and Sutherland, 2014). Their
functions in the early spliceosome (Behzadnia et al., 2007)
are to regulate pre-mRNA splicing by promoting exon skipping
and alternate 50-splice site selection in Fas and Bcl-x pre-
mRNA (Bonnal et al., 2008; Inoue et al., 2014; Wang et al.,
2013). The functions of Fas and Bcl-x in regulating apoptosis158 Structure 24, 158–164, January 5, 2016 ª2016 Elsevier Ltd All rigcan switch between pro- or anti-apoptotic behavior, either
through alternative splicing of a transmembrane domain in
Fas exon 6 (Cheng et al., 1994) or by selection of an alternate
50-splice site in exon 2 of Bcl-x (Boise et al., 1993). Overexpres-
sion of RBM5 or RBM10 promotes exon 6 skipping in Fas or
elongation of exon 2 in Bcl-x pre-mRNA, and both events yield
anti-apoptotic isoforms of both proteins (Bonnal et al., 2008;
Inoue et al., 2014). Physiological functions of RBM5 and
RBM10 have been shown to be related to a tyrosine-rich poly-
peptide segment, the OCtamer REpeat (OCRE), since deletion
of this OCRE sequence motif disrupts RBM5 function by
affecting the isoform bias in Fas pre-mRNA (Bonnal et al.,
2008). Here, we investigated the structural properties of the
OCRE sequence motif and its conservation in the animal
kingdom.
The domain organization of RBM5 and RBM10 consists of
a zinc finger flanked by two RNA recognition motifs (RRM)
(Kielkopf et al., 2004; Maris et al., 2005; Nguyen et al., 2011;
Ray et al., 2013; Song et al., 2012). A linker region of variable
length connects these common RBM components to an OCRE
sequence motif (Callebaut and Mornon, 2005), which is fol-
lowed by another zinc finger and a G patch (Figure 1A). The
sequence identity for corresponding annotated globular do-
mains of RBM5 and RBM10 is above 60%, and within the
RBM family the annotated OCRE sequence motif with 12 tyro-
sines within 42 residues is unique to RBM5 and RBM10. OCRE
sequence motifs with five imperfect tyrosine repeats have
been observed in only two other human proteins, RBM6 and
AGGF1 (Callebaut and Mornon, 2005). The mechanism of ac-
tion by which RBM5 and RBM10 regulate pre-mRNA process-
ing is the subject of intensive studies, but is still largely un-
known (Bechara et al., 2013; Inoue et al., 2014; Loiselle and
Sutherland, 2014; Ray et al., 2013; Wang et al., 2013). At this
early state of work on the mechanistic basis of RBM function-
ality, structure determination of RBM building blocks and their
intermolecular interactions greatly contribute to the advance-
ment of the field. Here, we report spectroscopic studies in so-
lution of the RBM10 OCRE sequence motif, showing that it is
part of a globular OCRE domain. We present the nuclear mag-
netic resonance (NMR) structure of the OCRE globular domain,
provide insights into the structural role of the high tyrosine
content, and investigate the conservation of the three-dimen-
sional structure of the OCRE globular domain in the animal
kingdom.hts reserved
Figure 1. Domain Structure of Human RBM10, and the Amino Acid
Sequence and NMR Structure of the RBM10 OCRE Globular Domain
(A) Domain map of the RBM10 protein with annotated domains labeled.
(B) Amino acid sequence of the RBM10 polypeptide used for the NMR
structure determination. The OCRE globular domain identified in this article is
Structure 24, 15RESULTS
Initially, characterization of the RBM10 OCRE was attempted
with a polypeptide consisting of residues 558–611, which in-
cludes the 42-residue OCRE sequence motif spanning residues
569–611 (Callebaut and Mornon, 2005; highlighted in yellow in
Figure 1B). Since this protein precipitated during purification,
we then evaluated a longer construct with an additional 35-
residue C-terminal segment (Figure 1B), which was previously
used by Bonnal et al. (2008) in a search of protein-protein inter-
action partners. This protein, which could be purified with high
yields and had a high-quality NMR profile (Pedrini et al., 2013),
was used for structure determination and supplementary NMR
studies. The observations made with these two RBM10 frag-
ments provided initial evidence that the five octamer repeats of
the OCRE sequence motif alone do not form a stable globular
domain.
NMR Structure Determination of the OCRE Globular
Domain
NMR data acquisition and structure determination were pursued
following the J-UNIO protocol (Serrano et al., 2012). Automated
polypeptide backbone assignment with UNIO-MATCH was
based on three automated projection spectroscopy (APSY)-
NMR experiments (Dutta et al., 2015; Hiller et al., 2008;
Volk et al., 2008), and Three-dimensional 13Cali-, 13Caro-, and
15N-resolved [1H,1H]-nuclear Overhauser effect spectroscopy
(NOESY) datasets were used as input for automated side-chain
assignment with the software UNIO/ATNOS/ASCAN (Fiorito
et al., 2008; Herrmann et al., 2002a). After interactive validation
and extension, chemical shift assignments for 86% of the
hydrogen atoms and 77% of the heavy atoms were obtained.
Considering the complexity of the aromatic spectral region
arising from the large number of tyrosines (Figure 1B), aromatic
ring assignments were additionally validated by two-dimensional
[1H,1H]-correlated spectroscopy and two-dimensional [1H,1H]-
NOESY experiments recorded in a D2O solution of the uniformly
15N-labeled protein (Figures S4A and S4B). On the basis of the
chemical shift assignments, the standard seven-cycle UNIO-AT-
NOS/CANDID/CYANA automated procedure for nuclear Over-
hauser effect (NOE) assignment and structure calculation (Herr-
mann et al., 2002a; 2002b; Serrano et al., 2012) yielded a total of
1247 NOE upper distance limits. The CYANA conformers ob-
tained in cycle 7 were energy minimized with OPALp (Koradi
et al., 2000). The results of the structure determination are sum-
marized in Table 1 and Figures 1C and 1D. Although the structureindicated by a black line above the sequence, which also shows the positions
of a helix and the b strands in the NMR structure. Residues belonging to the
OCRE sequencemotif defined by Callebaut andMornon (2005) are highlighted
in yellow.
(C) Stereo view of the bundle of 20 conformers representing the NMR structure
of RBM10 OCRE (558–646) superimposed for best fit of the OCRE globular
domain residues 564–618.
(D) Stereo view of the RBM10 OCRE globular domain 564–618 in the bundle
of conformers in (C). Selected amino acid positions are indicated to guide
the eye.
(E) Stereo view of the ribbon representation of the conformer closest to the
mean coordinates of the bundle shown in (D). The regular secondary structures
are identified.
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Table 1. Input and Structure Calculation Statistics for the NMR
Structure Determination of the RBM10 Fragment of Residues
554–646 at pH 6.0 and 308 K
NOE and Dihedral Angle Constraints Valuea,b
Total upper limit NOE distance restraints 1,247 (1,120)
Intraresidual 274 (234)
Short-range 378 (316)
Medium-range 252 (228)
Long-range 343 (342)
Dihedral angle constraints 436
Structure Statistics
Residual target function value (A˚2) 1.21 ± 0.19
Residual NOE violations
NumberR0.1 10 ± 3
Maximum (A˚) 0.16 ± 0.01
Residual dihedral angle violations
NumberR2.5 1 ± 1
Maximum () 2.7 ± 0.60
AMBER energies (kcal/mol)
Total 3288.30 ± 133.06
van der Waals 190.87 ± 17.32
Electrostatic 3865.77 ± 129.28
Root-mean-square deviation to mean coordinates (A˚)
Backbone (564–618)c 0.52 ± 0.11
All-heavy atoms (564–618)c 0.92 ± 0.14
Ramachandran plot statistics (%)d
Most favored regions 72.7
Additionally allowed regions 27.1
Generously allowed regions 0.2
Disallowed regions 0
aThe top six entries list the input for the final cycle of the structure calcu-
lation with UNIO/ATNOS/CANDID and CYANA 3.0; the numbers in
parentheses indicate NOE restraints between hydrogen atoms within
the globular OCRE domain of residues 564–618.
bThe structure statistics are given in the form of average values and SDs
for a bundle of 20 energy-minimized conformers.
cThe numbers in parentheses indicate the residues for which the root-
mean-square deviation was calculated, which correspond to the OCRE
globular domain (Figure 1B).
dAs determined by PROCHECK (Laskowski et al., 1993).in Figure 1C is dominated by long disordered segments, the
OCRE globular domain is defined with high precision (Figure 1D).
This result can readily be rationalized by inspection of the input
for the final cycle of the structure calculation, which shows that
nearly all medium-range and long-range NOE distance con-
straints measured in the 89-residue polypeptide studied (Fig-
ure 1B) are between hydrogen atoms in the 55-residue OCRE
globular domain (Table 1), for which nearly complete chemical
shift assignments has been obtained.
The RBM10 OCRE Globular Domain Represents a
New Fold
In the protein studied here, the well-defined globular OCRE
domain of residues 564–618 (Figure 1D) carries flexibly disor-160 Structure 24, 158–164, January 5, 2016 ª2016 Elsevier Ltd All rigdered tails of an N-terminal hexapeptide and a C-terminal 28-
residue polypeptide segment (Figure 1C), and it contains the
OCRE sequence motif of residues 559–611 (Figure 1B). The
OCRE globular domain includes an extended polypeptide
segment of residues 564–568, a 310-helix of residues 569–571,
and a highly twisted b sheet of six anti-parallel strands made
up of residues 573–575, 580–583, 588–591, 597–599, 604–609,
and 614–617 (Figure 1E). One face of the b sheet forms a groove
that accommodates the peptide segment 564–572. Complete or
incomplete tyrosine triplets are located in the first five b strands
(Figure 1B). Analysis with the structural homology servers DALI
(Holm and Rosenstro¨m, 2010) and FATCAT (Ye and Godzik,
2003) suggested that the OCRE globular domain exhibits a novel
fold, since neither of these two structural homology searches
identified related structures in the PDB (Tables S1 and S2).
Accommodating 15 Tyrosines in the 55-Residue OCRE
Globular Domain
The RBM10 OCRE globular domain contains six residues with
solvent accessibilities %20%, i.e., P567, Y572, D583, Y590,
Y597, and Y615 (Figure 2A). Extending from this small hydropho-
bic core are two C–H/p stacking patterns of aromatic rings
(Chourasia et al., 2011; Lanzarotti et al., 2011). Using a cutoff
radius of 7.0 A˚ for ring centroid-ring centroid distances, we iden-
tified an eight-member aromatic network of Y564, Y615, W608,
Y597, Y590, Y572, Y581, and Y574 along the b sheet surface
that faces the polypeptide segment 564–572 (Figures 2B and
S2A). Similarly, a five-member aromatic network was identified
on the other b sheet surface, which includes Y580, Y582,
Y589, Y598, and Y605 (Figures 2B and S2B). As seen most
clearly in Figure 2C, the network of five tyrosines forms a surface
epitope with an array of solvent-exposed hydroxyl groups. In
contrast, the eight-member aromatic network is shielded from
the solvent by the polypeptide segment of residues 561–572.
It has been well established that tyrosine rings in globular pro-
teins undergo 180 ring flips at frequencies in the second to sub-
microsecond frequency range (Shaw et al., 2010; Wu¨thrich,
1986; Wu¨thrich and Wagner, 1975). Considering the important
role of tyrosine rings in the architecture of the OCRE globular
domain (Figure 2), it was of interest to investigate the dynamics
of the structure manifested by the ring flip frequencies. In a
D2O solution of the
15N-labeled protein, after complete ex-
change of the labile protons with deuterons, we recorded the
temperature dependence of high-resolution 800-MHz one-
dimensional 1H-NMR spectra over the range 5C–40C (Fig-
ure 3). For the crowded spectral regions, the conclusions from
the one-dimensional 1H-NMR spectra were validated with ho-
monuclear two-dimensional NMR experiments recorded under
identical experimental conditions (Figure S4). As a result, it
turned out that, among the 15 tyrosines in the OCRE globular
domain, only Y590 and Y615 manifested slowed ring flip fre-
quencies over this temperature range (Figure 2B). Without
knowledge of the chemical shifts in the asymmetric spectra of
the tyrosine rings, we cannot provide quantitative information
on the ring flip frequencies (Wu¨thrich, 1986; Wu¨thrich and Wag-
ner, 1975). From experience with other proteins (Shaw et al.,
2010; Wu¨thrich, 1986), we estimate that the flipping frequencies
are higher than 103 s1 for all the rings, including Y590 and Y615,
and most probably higher than 105 s1 for most of the tyrosines.hts reserved
Figure 2. Unique Structural Characteristics of the RBM10 OCRE
Globular Domain
(A) Stereo view of an all-heavy atom presentation of the conformer in Figure 1E,
where the polypeptide backbone is shown as a spline function through the Ca
atoms. Residues exhibiting side-chain solvent accessibility below 20% are
colored cyan and identified.
(B) Stereo view of the same conformer as in (A), with the polypeptide backbone
color-coded to show amide proton protection factors (Figure S2C): green, Pf >
2.0; yellow, 0.5% Pf% 2.0; gray, Pf < 0.5. The aromatic side chains are shown
as stick diagrams. Tyrosines with slowed flipping frequencies (see text) are
colored blue.
Structure 24, 15A Four-Residue Cluster Stabilizes the OCRE Globular
Domain
As mentioned earlier, the OCRE sequence motif alone is not a
viable globular protein. From inspection of the structure of the
OCRE globular domain, it appears that this observation can
readily be rationalized, since both the polypeptide segment
of residues 564–572 preceding the motif and the strand b6
following the motif (Figure 1B) are essential for the formation of
a stable globular fold. Specifically, the resides Y564, P567, and
Y615 from these two peptide segments interact closely with
the side chain of W608, forming a four-residue lock (Figure 4),
which is located at the top of the molecule when viewed in the
orientation of Figure 2B.
DISCUSSION
Three key observations on the newly discovered OCRE globular
domain result from the present study. First, in its natural environ-
ment of the polypeptide segment linking the globular domains
RRM2 and ZnF2 in RMB10 (Figure 1A), the previously much dis-
cussed 42-residue OCRE sequence motif (Callebaut and Mor-
non, 2005) forms the core of a unique 55-residue globular protein
domain. Second, this small OCRE globular domain has a novel
architecture, which accommodates 16 aromatic side chains.
Third, the OCRE globular domain contains a surface epitope
combining the hydroxyl groups of five tyrosines in spatial prox-
imity, which may contribute to unique specificities of RBM10 in
its intermolecular interactions (Bonnal et al., 2008; Inoue et al.,
2014; Wang et al., 2013).
Biological Implications of the OCRE Globular Domain
Structure
Based on the high stability of the OCRE globular domain, we
conclude that the previously reported functional role of the
OCRE sequence motif (Bonnal et al., 2008) is dependent on its
being part of the novel three-dimensional OCRE globular domain
structure. Specifically, the four-residue lock identified as a stabi-
lizing element of the domain structure includes the three residues
Y564, P567, and Y615 located on the outside of the OCRE
sequence motif (Figure 4), and two of these residues are part
of the small solvent-inaccessible core of the globular domain
(Figure 2A). Although the sequence identity between human
RBM10 and evolutionary distant species, such as the fruit fly,
sea slug, and Caenorhabditis elegans, is overall well below
50% (Figure S1A), the four lock residues are strictly conserved
(Figure S1B). We thus have a strong indication that the intact
OCRE globular domain has a critical functional role in RBM10s
across a wide range of the animal kingdom, as well as in func-
tionally related proteins such as RBM5 (Figure S1C). Considering
the unique features of the RBM10 OCRE globular domain (Fig-
ure 2), it is tempting to speculate that this intact domain, rather
than the previously annotated OCRE sequence motif, conveys
unique specificity to RBM10 and functionally related proteins in
their intermolecular interactions in the spliceosome (Bonnal
et al., 2008; Inoue et al., 2014; Wang et al., 2013).(C) Front and back surface views. Tyrosine rings are colored red and their
hydroxyl groups are yellow.
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Figure 3. NMR Studies of Aromatic Ring
Flips in Tyrosine Side Chains of the RBM10
OCRE Globular Domain
One-dimensional 1H NMR spectra of the 15N-
labeledOCRE domain recorded at temperatures of
40C, 26C, and 12C are shown. The data were
acquired at 800 MHz with 32K points and 2,560
scans. The solution in 99.8% D2O contained
1.2 mM protein, 20 mM sodium phosphate (pH
6.0), and 50 mM NaCl. Signals corresponding to
d and 3protons of the tyrosine aromatic rings are
labeled at the top. Broken vertical lines link the
positions of corresponding peaks at the different
temperatures, except for resonances of Y590 and
Y615, which show evidence of slowed ring flipping
at lower temperature (see text), which are under-
lined and linked with dotted lines. Tryptophan ring
resonances are indicated with (y) and a-proton
resonances with (*).Anatomy of the OCRE Globular Domain NMR Structure
Despite its small size, the OCRE globular domain can be
viewed as a combination of subdomains. These include a
small core of six solvent-inaccessible residues (Figure 2A)
and a network of eight aromatic rings (Figures 2B and S2A),
which both originate in part from the polypeptide segment
564–572. These two subdomains are the only parts of the
molecule that show significantly increased amide proton pro-
tection factors (Figures 2B and S2C). Additional structural sub-
domains are formed by the aforementioned four-residue lock,
and by a network of five surface-exposed tyrosines (Fig-
ure S2B). The architecture of multiple, individually stable, but
weakly interacting subdomains appears to be reflected in
continuous, reversible melting of the OCRE globular domain
over the temperature range from 20C to 70C, and the shape
of the thermal denaturation curve above 70C could be taken
to indicate high thermal stability of one of the subdomains (Fig-
ures S3C and S3D). The high apparent thermal stability of the
OCRE globular domain is rather intriguing in view of the high
internal dynamics manifested in the high-frequency ring flips
of 13 among the 15 tyrosines (Figure 3).Tyrosine-Rich Polypeptides in Biomolecular
Interactions
Polypeptide sequences containing a high percentage of
tyrosines have also been observed in other proteins, including
some splicing factors. For example, hnRNP Q (UniProt:
O60506) contains a tyrosine-rich region with 21 tyrosines within
a 60-residue span (35%), which includes multiple YYGY motifs.
It is so far left open whether or not these repeats are part of a
globular domain. In Sam68 (UniProt: Q07666), a tyrosine-rich
region contains 13 tyrosines in a 55-residue segment (24%)
and appears not to exhibit regular secondary structures, even
in complex with an armadillo repeat (Morishita et al., 2011).
This places the OCRE globular domain in a unique position162 Structure 24, 158–164, January 5, 2016 ª2016 Elsevier Ltd All rights reservedas the only naturally occurring tyrosine-
rich sequence so far to be part of
a three-dimensional globular protein
structure.Tyrosine-rich sequence motifs have been found in highly
diverse and specific recognition patterns, which may experience
post-translational modifications such as phosphorylation, sulfa-
tion, or nitration. Work from the Koide laboratory with engineered
antibodies or monobodies revealed surprising plasticity and
selectivity of tyrosine-rich sequences (Koide et al., 2007; Koide
and Sidhu, 2009). They suggest that even with an epitope
comprised predominantly of tyrosine and serine residues, the
conformational diversity afforded by the side chains of these res-
idues is able to overcome limited chemical diversity in specific
molecular recognition (Koide et al., 2007). This suggests that
placement of tyrosine side-chain clusters on the surface of the
OCRE globular domain results in highly constrained arrange-
ments of the aromatic side chains, thus generating well-defined
surface epitopes that may confer high specificity for the recruit-
ment of other splicing factors. Similar characteristics have been
reported for various domains rich in aromatic residues, such as
SH3 (Musacchio et al., 1992), WW (Macias et al., 2000), profilin
(Mahoney et al., 1997), UVE (Pornillos et al., 2002), GYF (Freund
et al., 1999), and EVH1 (Prehoda et al., 1999), which in their glob-
ular structures place conserved aromatic residues in close
spatial proximity to generate a contiguous hydrophobic binding
surface (Freund et al., 1999). The aforementioned six domains
have been reviewed previously for their shared specificity for
polyproline sequences (Ball et al., 2005). Since several partner
proteins of RBM10 and RBM5 include proline-rich polypeptide
segments, these might, in analogy, be binding elements for the
OCRE globular domain.
EXPERIMENTAL PROCEDURES
Protein Purification and NMR Sample Preparation
The RBM10 OCRE polypeptide sequences of residues 558–611 and 558–646
were cloned, expressed, and purified with standard methods. For the NMR
measurements, the protein solutions were supplemented with 5% D2O and
2 mM NaN3 (for details see the Supplemental Experimental Procedures).
Figure 4. Stabilization of theOCREGlobular Domain by a YPWYLock
A stereo view is shown, with the four-residue cluster of Y564, P567, W608, and
Y615 highlighted in red. The b strands are identified.NMR Spectroscopy
Two-dimensional [15N,1H]-heteronuclear single quantum coherence, four-
dimensional APSY-HACANH, 5D APSY-HACACONH, and 5D APSY-CBCA-
CONH spectra used for the polypeptide backbone assignments were recorded
on aBruker AVANCE 600MHz spectrometer equippedwith a cryoprobe. Three-
dimensional 15N-, 13C(aliphatic)- and 13C(aromatic)-resolved [1H,1H]-NOESYex-
periments with a mixing time of 80 ms were acquired on an AVANCE 800 MHz
spectrometer equipped with a 5-mm TXI-HCN probe. Additional experiments
for studies of amide proton protection factors and aromatic ring flip frequencies
are described in the Supplemental Experimental Procedures.
NMR Structure Determination
The NMR structure determination followed the J-UNIO protocol (Serrano et al.,
2012) with automated chemical shift assignment and NOE assignment, and
protein structure calculation with CYANA (Gu¨ntert et al., 1997) (for details
see Supplemental Experimental Procedures).
Evaluation of Aromatic Networks
In search of aromatic networks, the centroids of the tyrosine rings (the indole
ring for tryptophan) were determined using themean coordinates of the bundle
of conformers in Figure 1D. Centroid-centroid distances were measured to
identify residues that are in close proximity, using the software UCSF Chimera
(Pettersen et al., 2004) with a cutoff of 7.0 A˚ on the centroid-centroid distance.
For details, see the caption to Figure S2.
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formers used to represent the NMR structure of the protein have been depos-
ited in the PDB (PDB: 2MXW).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.str.2015.10.029.
ACKNOWLEDGMENTS
This work was supported by the Joint Center for Structural Genomics through
the NIH Protein Structure Initiative grant U54 GM094586 from the National
Institute of General Medical Sciences (www.nigms.nih.gov). K.W. is the Cecil
H. and Ida M. Green Professor of Structural Biology at The Scripps Research
Institute. We thank Dr. D.R. Salomon for providing the cDNA used to produce
the RBM10 OCRE proteins, and Dr. I. A. Wilson for helpful comments on the
manuscript.Structure 24, 15Received: August 4, 2015
Revised: October 9, 2015
Accepted: October 15, 2015
Published: December 17, 2015
REFERENCES
Ball, L.J., Ku¨hne, R., Schneider-Mergener, J., and Oschkinat, H. (2005).
Recognition of proline-rich motifs by protein-protein-interaction domains.
Angew. Chem. Int. Ed. Engl. 44, 2852–2869.
Bechara, E.G., Sebestye´n, E., Bernardis, I., Eyras, E., and Valca´rcel, J. (2013).
RBM5, 6, and 10 differentially regulate NUMB alternative splicing to control
cancer cell proliferation. Mol. Cell 52, 720–733.
Behzadnia, N., Golas, M.M., Hartmuth, K., Sander, B., Kastner, B., Deckert, J.,
Dube, P., Will, C.L., Urlaub, H., Stark, H., et al. (2007). Composition and three-
dimensional EM structure of double affinity-purified, human prespliceosomal A
complexes. EMBO J. 26, 1737–1748.
Boise, L.H., Gonza´lez-Garcı´a, M., Postema, C.E., Ding, L., Lindsten, T., Turka,
L.A., Mao, X., Nun˜ez, G., and Thompson, C.B. (1993). bcl-x, a bcl-2-related
gene that functions as a dominant regulator of apoptotic cell death. Cell 74,
597–608.
Bonnal, S., Martı´nez, C., Fo¨rch, P., Bachi, A., Wilm, M., and Valca´rcel, J.
(2008). RBM5/Luca-15/H37 regulates Fas alternative splice site pairing after
exon definition. Mol. Cell 32, 81–95.
Callebaut, I., and Mornon, J.-P. (2005). OCRE: a novel domain made of imper-
fect, aromatic-rich octamer repeats. Bioinformatics 21, 699–702.
Cheng, J., Zhou, T., Liu, C., Shapiro, J.P., Brauer, M.J., Kiefer, M.C., Barr, P.J.,
andMountz, J.D. (1994). Protection from Fas-mediated apoptosis by a soluble
form of the Fas molecule. Science 263, 1759–1762.
Chourasia, M., Sastry, G.M., and Sastry, G.N. (2011). Aromatic-aromatic inter-
actions database, A2ID: an analysis of aromatic p-networks in proteins. Int. J.
Biol. Macromol. 48, 540–552.
David, C.J., and Manley, J.L. (2010). Alternative pre-mRNA splicing regulation
in cancer: pathways and programs unhinged. Genes Dev. 24, 2343–2364.
Dutta, S.K., Serrano, P., Proudfoot, A., Geralt, M., Pedrini, B., Herrmann, T.,
and Wu¨thrich, K. (2015). APSY-NMR for protein backbone assignment in
high-throughput structural biology. J. Biomol. NMR 61, 47–53.
Fiorito, F., Herrmann, T., Damberger, F.F., andWu¨thrich, K. (2008). Automated
amino acid side-chain NMR assignment of proteins using 13C- and 15N-
resolved 3D [1H,1H]-NOESY. J. Biomol. NMR 42, 23–33.
Freund, C., Do¨tsch, V., Nishizawa, K., Reinherz, E.L., and Wagner, G. (1999).
The GYF domain is a novel structural fold that is involved in lymphoid signaling
through proline-rich sequences. Nat. Struct. Biol. 6, 656–660.
Gu¨ntert, P., Mumenthaler, C., andWu¨thrich, K. (1997). Torsion angle dynamics
for NMR structure calculation with the new program Dyana. J. Mol. Biol. 273,
283–298.
Herrmann, T., Gu¨ntert, P., and Wu¨thrich, K. (2002a). Protein NMR structure
determination with automated NOE-identification in the NOESY spectra using
the new software ATNOS. J. Biomol. NMR 24, 171–189.
Herrmann, T., Gu¨ntert, P., and Wu¨thrich, K. (2002b). Protein NMR structure
determination with automated NOE assignment using the new software
CANDID and the torsion angle dynamics algorithm DYANA. J. Mol. Biol. 319,
209–227.
Hiller, S., Wider, G., and Wu¨thrich, K. (2008). APSY-NMR with proteins: prac-
tical aspects and backbone assignment. J. Biomol. NMR 42, 179–195.
Holm, L., and Rosenstro¨m, P. (2010). Dali server: conservation mapping in 3D.
Nucleic Acids Res. 38, W545–W549.
Imielinski, M., Berger, A.H., Hammerman, P.S., Hernandez, B., Pugh, T.J.,
Hodis, E., Cho, J., Suh, J., Capelletti, M., Sivachenko, A., et al. (2012).
Mapping the hallmarks of lung adenocarcinoma with massively parallel
sequencing. Cell 150, 1107–1120.
Inoue, A., Yamamoto, N., Kimura, M., Nishio, K., Yamane, H., and Nakajima, K.
(2014). RBM10 regulates alternative splicing. FEBS Lett. 588, 942–947.8–164, January 5, 2016 ª2016 Elsevier Ltd All rights reserved 163
Johnston, J.J., Teer, J.K., Cherukuri, P.F., Hansen, N.F., Loftus, S.K., NIH
Intramural Sequencing Center (NISC), Chong, K., Mullikin, J.C., and
Biesecker, L.G. (2010). Massively parallel sequencing of exons on the X chro-
mosome identifies RBM10 as the gene that causes a syndromic form of cleft
palate. Am. J. Hum. Genet. 86, 743–748.
Kielkopf, C.L., Lu¨cke, S., and Green, M.R. (2004). U2AF homology motifs: pro-
tein recognition in the RRM world. Genes Dev. 18, 1513–1526.
Koide, S., and Sidhu, S.S. (2009). The importance of being tyrosine: lessons in
molecular recognition from minimalist synthetic binding proteins. ACS Chem.
Biol. 4, 325–334.
Koide, A., Gilbreth, R.N., Esaki, K., Tereshko, V., and Koide, S. (2007). High-af-
finity single-domain binding proteins with a binary-code interface. Proc. Natl.
Acad. Sci. USA 104, 6632–6637.
Koradi, R., Billeter, M., and Gu¨ntert, P. (2000). Point-centered domain decom-
position for parallel molecular dynamics simulation. Comput. Phys. Commun.
124, 139–147.
Lanzarotti, E., Biekofsky, R.R., Estrin, D.A., Marti, M.A., and Turjanski, A.G.
(2011). Aromatic-aromatic interactions in proteins: beyond the dimer.
J. Chem. Inf. Model. 51, 1623–1633.
Laskowski, R.A., Macarthur, M.W., Moss, D.S., and Thornton, J.M. (1993).
PROCHECK: a program to check the stereochemical quality of protein struc-
tures. J. Appl. Crystallogr. 26, 283–291.
Loiselle, J.J., and Sutherland, L.C. (2014). Differential downregulation of RBM5
and RBM10 during skeletal and cardiac differentiation. In Vitro Cell. Dev. Biol.
Anim. 50, 331–339.
Macias, M.J., Gervais, V., Civera, C., and Oschkinat, H. (2000). Structural anal-
ysis of WW domains and design of a WW prototype. Nat. Struct. Biol. 7,
375–379.
Mahoney, N.M., Janmey, P.A., and Almo, S.C. (1997). Structure of the profilin-
poly-L-proline complex involved in morphogenesis and cytoskeletal regula-
tion. Nat. Struct. Biol. 4, 953–960.
Maris, C., Dominguez, C., and Allain, F.H.-T. (2005). The RNA recognition
motif, a plastic RNA-binding platform to regulate post-transcriptional gene
expression. FEBS J. 272, 2118–2131.
Matera, A.G., and Wang, Z. (2014). A day in the life of the spliceosome. Nat.
Rev. Mol. Cell Biol. 15, 108–121.
Morishita, E.C., Murayama, K., Kato-Murayama, M., Ishizuka-Katsura, Y.,
Tomabechi, Y., Hayashi, T., Terada, T., Handa, N., Shirouzu, M., Akiyama,
T., et al. (2011). Crystal structures of the armadillo repeat domain of adenoma-
tous polyposis coli and its complex with the tyrosine-rich domain of Sam68.
Structure 19, 1496–1508.
Musacchio, A., Noble, M., Pauptit, R., Wierenga, R., and Saraste, M. (1992).
Crystal structure of a Src-homology 3 (SH3) domain. Nature 359, 851–855.
Nguyen, C.D., Mansfield, R.E., Leung, W., Vaz, P.M., Loughlin, F.E., Grant,
R.P., and Mackay, J.P. (2011). Characterization of a family of RanBP2-type164 Structure 24, 158–164, January 5, 2016 ª2016 Elsevier Ltd All rigzinc fingers that can recognize single-stranded RNA. J. Mol. Biol. 407,
273–283.
Pedrini, B., Serrano, P., Mohanty, B., Geralt, M., and Wu¨thrich, K. (2013).
NMR-profiles of protein solutions. Biopolymers 99, 825–831.
Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M.,
Meng, E.C., and Ferrin, T.E. (2004). UCSF Chimera—a visualization system
for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612.
Pornillos, O., Alam, S.L., Davis, D.R., and Sundquist, W.I. (2002). Structure of
the Tsg101 UEV domain in complex with the PTAP motif of the HIV-1 p6 pro-
tein. Nat. Struct. Biol. 9, 812–817.
Prehoda, K.E., Lee, D.J., and Lim, W.A. (1999). Structure of the Enabled/VASP
homology 1 domain–peptide complex. Cell 97, 471–480.
Ray, D., Kazan, H., Cook, K.B., Weirauch, M.T., Najafabadi, H.S., Li, X.,
Gueroussov, S., Albu, M., Zheng, H., Yang, A., et al. (2013). A compendium
of RNA-binding motifs for decoding gene regulation. Nature 499, 172–177.
Serrano, P., Pedrini, B., Mohanty, B., Geralt, M., Herrmann, T., and Wu¨thrich,
K. (2012). The J-UNIO protocol for automated protein structure determination
by NMR in solution. J. Biomol. NMR 53, 341–354.
Shaw, D.E., Maragakis, P., Lindorff-Larsen, K., Piana, S., Dror, R.O.,
Eastwood, M.P., Bank, J.A., Jumper, J.M., Salmon, J.K., Shan, Y., et al.
(2010). Atomic-level characterization of the structural dynamics of proteins.
Science 330, 341–346.
Song, Z., Wu, P., Ji, P., Zhang, J., Gong, Q., Wu, J., and Shi, Y. (2012). Solution
structure of the second RRM domain of RBM5 and its unusual binding charac-
ters for different RNA targets. Biochemistry 51, 6667–6678.
Sutherland, L.C., Rintala-Maki, N.D., White, R.D., and Morin, C.D. (2005). RNA
binding motif (RBM) proteins: a novel family of apoptosis modulators? J. Cell.
Biochem. 94, 5–24.
Sutherland, L.C., Wang, K., and Robinson, A.G. (2010). RBM5 as a putative tu-
mor suppressor gene for lung cancer. J. Thorac. Oncol. 5, 294–298.
Volk, J., Herrmann, T., and Wu¨thrich, K. (2008). Automated sequence-specific
protein NMR assignment using the memetic algorithm MATCH. J. Biomol.
NMR 41, 127–138.
Wahl, M.C., Will, C.L., and Lu¨hrmann, R. (2009). The spliceosome: design prin-
ciples of a dynamic RNP machine. Cell 136, 701–718.
Wang, Y., Gogol-Do¨ring, A., Hu, H., Fro¨hler, S., Ma, Y., Jens, M., Maaskola, J.,
Murakawa, Y., Quedenau, C., Landthaler, M., et al. (2013). Integrative analysis
revealed the molecular mechanism underlying RBM10-mediated splicing
regulation. EMBO Mol. Med. 5, 1431–1442.
Wu¨thrich, K. (1986). NMR of Proteins and Nucleic Acids (Wiley-Interscience).
Wu¨thrich, K., and Wagner, G. (1975). NMR investigations of the dynamics of
the aromatic amino acid residues in the basic pancreatic trypsin inhibitor.
FEBS Lett. 50, 265–268.
Ye, Y., and Godzik, A. (2003). Flexible structure alignment by chaining aligned
fragment pairs allowing twists. Bioinformatics 19, ii246–ii255.hts reserved
